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ON_OF
Mo Py TimoZeyev mid K. Yoo Shvets

Although the evaporation of ilropl has besn studidd both experimentally ;
and thearetically, tne problem is still far from solved. ,

Hesides the welleknown classic works of Maxwell and Stafan sxperimental
studies on tnhe evaporation of drops have Lesn cdntributod by Langmuir (1),
Vyrubov (#), Frossling (3), Findeisen (4), Kiryukhin (5), Zax (6), Starokadem=
skaya (7), Faranayev (8), and otaers; Fuks (9), Leybenson (10), and Frankel!
(11) written theoretical works on tho-subject, The results of these thece
retical stuaies couls not be used, houeﬂr,. in the study of the evaporation
1 small drops (redius less than 19 B)e Une of the main cefects of the
theoretical works was the assumption that saturation vaj or concentration
eristed on the curfece o to» evaroratirg dropa rAe f:llows rrom the kinetle
theery of puses, this assumition placed an Lnucvi:ate concition upon the
stuanien. )

The *resual welk m:m-a P accoﬁnt the ract Wit the vazor concentration
or. the Burfuce of an evaroratiny drop 1% ditferent [rom sutirsiion and leads
to conelusions whach oirter notably from thuse ouldsied by u.e t.:.eory wnich
dic net make prevision tor whis more accurate ednd. LiATiA

1. Vapor Concentration un the Urop's vburtace

kvaporation under natural conditions consists ol tie follewlng processes:

transition cf molecules from the liquid to the Laseous medium (actual evupor-

ation), transition of the vapor molecules into the liquid state (“adhewsion®

‘of the vapor molecules to the liquid surface = that is, condensstion), and

diffusion of the vapor molecules from the liquid surface into the aurnbunding
medium, .

The first process is deto'n.med by the physical cnarutord.cuéa of the
drop (temperature and molecular weight). The number of -ohcuu ubh of
escaping from the nquid into the mrmndiu wmphoa u ¢mnny given
bythovmlmovnfomh. )
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s where p, is maximum vapor pressurs, M i3 molecular nuh:e, T s the teapers-
u'm of the liguid, R 4s the gas constant) and alpha & u’th; coefficient !
of accomodation (this coefficient has long besn taken s unity for all 1’::«-
uids including water)e This cosfficient has been recently ;lounﬂ.md quite
relisbly for several liquids. According to Altd (12) the coefficient of
accomndation for vater is 0.03=0.36 for temperatures from O to 15°. This
velue agress with the value of alpha W which Baranayev obiained from Lieoret~
ical considerations.

The number of vapor molecules condensing on the linuld surface is deter-
mined by a similer formida, Diffusirn of vapor molecules, wiich ceternines
vie speed nt evororation .8 otwicusly enual vo the ciflerence trtween %ne
first tevaporation) and second (condensation) processes,

Deeignatang tne diffusion coefficlent a8 D and v e dlop redius as L
and substituting in the farula tue concentration ¢ in the place ol the vapor

préuura P, we cbtain the follnwing condition on the drop's surface:

...)%‘ra A(cm.—c) -‘-or r=r, (2)
wiere A 18 aefined ty tne formula A = -NR'T;:I.RM

In his work {3) Frossling gave ss the formula for twe speed of evape'

~rationt ? M M.
D5 =TTy Yaxm'r ‘g,—P)

As is easily seen, this .expression ia practically identical with

(2) for wuter (because of the small vaiue of alpha o )e

Formula (2) or (2') determines the concentration on the drop's surface.

11. Kvaporation of an Immovable Drop. The Stationary Process.

The small drops (r <10"2 om) which compose foys and clouds have low
falling velocities, and theﬂ't‘lero under ordinary conditions they may be
considered to be immovable with respect to air. .This section therefore will

" apply not only to evaporation of immovatle drope bes also to evaporation of
emall drops under atmoapheris condim. |

'
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The baslc equation of diffusien in'spherdeal Wtu fer this case
wm bo of the form :
Hr¥E=c .
. (%)

The beundary conditiensz ll"l

ren, —Difm At }

s

and fm_ r=e0, c=o0. ()
The solution of equation (1) which satisfies the conditions (4) is:
c = Acy,r (8)

H anes CA+%)r
&hua, the vaper ocencentratisn on llu dnp mnoc L))

c(n) == ﬁ (6)
Formula (6) shows that the vapor cun«ntrutim on the surface of small drops
is notably different from the saturation oy,
The.apesdvot-hvaporation Z Ls obtained from (5) by simple differen-

tiation! E=—=D 3(‘) A?:_-;) o
rer, ()
" This equation shows that vary suall d drops will have hi.gh'knpojuon
apands in dry air,
The change in droi ’:lll L'l::ru:lAt];c
-k = _-i—_)—f;: : | (8)

'The chuco in the dropuurhcc ie oquu. to

A'Dc
- % =9 ooy (9)
' where f is the density of tho uquid. ’D

Pomuc &9 Mvtptlunu'l mkkk classic formulas under the con-
dition um D«Ar.. ' ’

The change of drep redius b fevaperationt is defived by the formula:

_Abc.. |
--%% =Seie P | . (10)

From this hnuh, the lifetims of a drep of initial redius re is given by
the roMu equationt
, ~ 'o-t-*rok
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The formulas obtained held enly for dey air, bus Shey are easily gemeralised
for molst alr. To do this, ¢ = o and Gg = Ous, n»«ﬂvﬂ;. should be

Far 2 X I

subitituted in all the fermalas for o and o.. Ak}l t.ho oonoeatratien !
at a great distance from the drep. '

111, bwaporation of an lmmovsble Drep. The Nem=Stationary Precess

The effect of the na_fz‘-mum osndition in the evaporation of an im-
movable drop was investigated by Muks y bat again under mm that
saturation vapor mmemmsm-m on the dropuurrcco. It would
therefore be 1n'.crolthu to reopen this question for the more ueunto dbeun-
dary conditions M above, ' '

The basic equation for the nora:nuonuy process can be written in &k

tha form: -9?0 "‘:2

o (12)

The voundary coniitions are:

c=o ft=o, omnd

(1)
Je aet g[cr) — Fct)
or rar,

then, by using Loundary condition (131), we find:
fo
Fo=cntD(R+EE .. 5
$hence the flow is AD
=—0%|,..= TR -—F.
- r rar, AP
The m solution of equation (123 is given by the oxprouion
! T
cr =— @ Fg=--u [— %]Fdl') (L)
By satisfying the boundary condition on the surface, we obtain the follow-
"ing integral oqulfion for W wmh determination of F(t): !

P (YPeyde . CwnRA - (18)
't E— ‘
| F&) - —— SOY._{___ =——
mumuo:uummunmuummtna . ‘

Feo =—5==B‘— D-Ktﬁﬂ .
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3
where !‘ f't and K ia the -ﬁ"# function, It 1s assumed for the
aeantize that ey does not & with mo. Sinos the pm-wf h large,
we use thoe unploue dpuuion of the J funotien .

= KOP) = "v’T v (=g )

and ub ain
Fe=cnBram(i=f+) -
@o"tm formula which holds !orAﬂ’ ';ncuoury pro=

Ac... D .L_
f'(hr-o-)) Wt

Thia formula emb o?uu to evaluate the influence of - the noanM.ionAry
dhat Sy wpon, )
procmas upon flow :oﬂporktlon\ The "i.ut‘l*n ¢, Lthe serles core

cens!?
Vo

ruspends tn the staaionary proeeu while the following *: introddes
~

the correction for the nonﬂstmionary precess (actually, the order of the
o slien
MPOW¥ |8 determined by tha ordar nf A), .

This rorrectica 18 naglipibld®lor water drops, besause evaporation of

,hu"\. ° ) ~

an Ummovable drop can Le conaidered Mgy falriy ucurnﬁ“ s a nuanus
tionary procsass. .

It 1s more difficult tc avaluate thy e2fect of the dacreass in drop liu
Auring its evaporation

The rough evdluatkon of this effsct which Jismss Fuks made (8) shows that
it cannot bs disregarded. There are sericus mathematical obstacles the’
accurate evaluation of this effect.

It is somstines necessary to conddor that the maximum concentration ¢,
varles with time in order to calculatesh the np«d' of evaporation of the drop.

If ¢ is assumed to vary #ith time, we have instoad of (15)

Fe + b 5: Fes "" = ()

P = -ﬁ'-"-c..c-t)

The soluticn of %he last equation is oasily found and is of the fora

~ Fo=f O o g fFEAlde, w0

whare
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cwhiere LA @rTQr funetlon I8 erig y ® 8 == K(y)e I the funation L(V) 16 xrowi.

4. e peoerdary caloul ations cen audle weeily bLe calried Lhreugn comleve.y.

fave MWerregie o otrg eeptg Jencargtire Gue LW BVac télaor

POIOET D rYBLYaLe N6 CEOLLE A Bhe ATOR QUw 1 Eiap. @t hCl, we it

Cantoun of hest L Whie Qrop, disrepurding Uk ofen 0 Ry sEl Do
Chettan ee Lhat o te . monAlaering Ry Uhe SRLLNE dul o o srten

' AOSOE LG UPA IRCIRAEE O UE AFTP M w0 @ a0 et

+8 conaider the ﬂ heat Aiffusion equat.len
XD =T axre)
ot drs
Al Vs Lbounzary sonditions
. B ”~
an ::} Te L 4PN
.mra.;"r-‘: ‘D‘lv
“o Introducs Lhe cesignatic:s
T = F) aed Tt =T
r Jf" 7
Tow mat fiow will be e L.t

- I iyt .
‘b" = -.Dr r = = LT ﬁ-ti(fﬂ :
according to (L)

T=-%
. r. M——————— o a5
B¢ =—ﬁ_f‘c7étjo T 8

‘ne haat balance may be written with sufficlent ac.ucacy in the ols.ow.y

| TV
ant| spivee

Serm
DT
j-pf' r;‘,—.fn.-‘r-ro
\h»rol ia the latsnt heat of a—éoout.ion), or

2 [1-2]=22% (e ) .

n.u!uLUlting the values of gund F from (18) and [16), we obtaln Lne Lollow-

ing integral equation for determination of the temperatun Hegreass: -

D Br 2 (“raade  ADL d 4.1
-g'r;-t-\;r.rﬁi e o Lo dtjc..?(cr sp) do—

B

e  mamma L a ok
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...f‘(r-t) - N
e P(O=tpt)=8 erfe (‘Jf(t-r) g imm
o 48 & knom funstien of o

} The last integral ti.on can be changed to u;! :eg-
| S'T'('\)[EI-*-?- W- dﬂ = s Cw (g—?)dﬁ'

| This equstion can be selved by the asthod or emomm spproxinations e

not without considerable difficulty, however.
The tupontun decrease of the drop can be found vary simply if we con-
eider the quul;cut.lomn process. The heat flow in this case la axpressed

by the same formula a&s the speed of evaporation!

@==#m; Dy (T, —T),
whare Ty is the temperaiurse at & sufficiently great distance from %hu drop
and T, 18 the drop'a’(r.uporasure.

"he loss of heat dus to evaporation is equal 4o

q'=vmrd A+c"

sut in the stationary al.al.e U = Q, md mmoqunnu,v

peardse Ltw aLmpiteity ok LR N Y R D L A B B
cvaluanimm the aosbilae deuibaglh Lo temociaitte Cone Ty ozea v 0
’ .
Tn parsicisar, Wnir Fopmlaa SheE LUat e Tewtoantate o rensl e @ wattl

darot Lty mepliities

Y. Evater ation ob a Drop in Wow for sitall U0 Uuace D
tioorder o ¢ termine the speed of evauotaliok ot a iz in, Urep, e ANe i

g, Lh deditisn to tLe didtusion etuation, tne eratiot Ab R e A tod

v determinv the speed of flow around the drope

These ennations in spherical coordinates ure nuite complex in forw, Lu®
teltze (13) showed that they. can be_ greatly simplizied' 1t one considery tue
(low in the toundary lamina oi: a body of rotation.

If we assume that the y=coordinate is directed alony the normal == tnau

is, elong the drop's rodius <= and the x-eoordinutq ii slong the meridisn

from the

D L ; -
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peint © (Flgure 1). and demignste the velocity projecticis on these axes &
u and vrand the velecity potential on the boundary of the laninap Jupse as

" lfhvnmiine to Dult.m) the equaticns of mohion and continuivy willg
al
nave tiuw form - du
" 3.. -~V r = V%{ +773-1

: LA
BaYrpes =0,

ﬂf /
PHRTHS s the Kraonsie coaffitiant of viecorit,| and ry i the drop’;@:ldluu.
v
g 1.1'u:nu )"qua' 'Acar. e stown in the form
E - (20
T VJF 'D J

« v oA faee ol Uiee atreandaned dpep vy e B tos FRllAwine a00naBTY fOn

(19)

vty one held

-
W=y =0 j
’DJ :'-;"/(m"'uj
M
Y]
Ve sy trea “h ' 0 v e AWy
- )
Voo %
L0000 .
PRI ORI . peodr V8 Vit Lo om W
an
ere tet A Ny ' R P13 .,
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‘td Jusuy, 200
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Vet U oAr Fhe drops s et oas Lon calee te ot

.-

GOt Y. Bl e s
.

cednialre ke 1 l
.- o0d
et ne ..w'.;'n‘.m? the eoitaons 3ad boundery ~etelbtdcus yf‘ the

. -—i’)g Dl ’
’30\ a1 ___'f_ (10

M‘ v +V ?:j\ =4 7<l+9“ja1'z e - A
: Y.~
—‘l 143V' +2‘440”t4><,-—0 “'7___W ¢ d(zq\"d’jt

oy TY, Ad M y
%€ _ - D8 s )
,f,,,-.1|=01u|=v,=o, -9-9)-.:'3(} ¢)B PIR (20
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rECUERY @ e omE EERLE TRRE
v

wnie Lhis cystem of equationn does not centain the Rggmclds number, the
velocities u; and vy are functions of xy and yfj‘:nd eonaoqucntlair’; will
bo & function of x;, yy¢ 7, and B,

We caloulate eveporation from the drofssurface assuning lamirar flew,
't we cilngo tu dimension)evs quantities thow we have

" :==§<->'ﬁ§“:f13>

Bacause of \.he boundary coadition (2!, tha spead of eveporation L-

-7 =—2)(%) AP AR 4 |

m -~ Jz y -
‘ _%F._Ji%:'_,; )': a}-r,a,¢3ﬂ sn®d6 (= F) |
S L L L N o O vt I R S A L R I T T e Y

r‘vw J— I\ .
-4; ¢ l‘i U‘B/

e Fger ol bee Pie bt ST L A TS T I S DR S

Tow clre L8 amrnm T utiee by W MR Ty e
rent Lhs besn nvest et e b MUl
Tre folovdng 6y, resuin, & sivmiran 0 0 Lp ey vt 0 F ey

0 Al A ALt A e r IR L AR St T L e w

w \ _
o= | e ) Col
Lte v’ < [_' & - Ty
mtreduet s bhe GrEetity v trae e o, A
|
rs rﬁ *

T hatl b,
wa L In N oanall vl (”‘.ﬁ ‘lusu L6 the Are gapfae’

/ §|H
ne Poe o the Jlnensioniens veigriy

u’t = %-—%ém S;I"A@ l i

Followang Legbanron (10, we represent the diffusion eguuticn Ln thw v 5
2 = ?1’: i
Vitdy, = : :

or. substitvting for mimm v,
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The boundary couditions are ef the form
uu-om:,)o-.-g}.-m-q). |
’ tx =0ady 70t 0 "0, , ()
at y = 00 s oy -%u _
ils introduce the new independent variapht <Taccording to the formuls y) * i /T ;
the equation (z:) and the bo\mdn'y conditions (2.) take on the form

r\ & Y
%70— :-!; gégv—i%:'-c,) o)

at

' lex)
atx=0 cl-o, (2
st we 0 =0

e E %{,{% Fund assume Lhué 7 15 o eunstont Lo mimpiity ‘rtegration, '

If wa ut-\—;:‘!— = glx), the anlution of aquati: n A AL e
o o] Idm

e g% () "‘E_r_'_igc' -
C|(!'-n'r) %_)fr(!-)s C"""‘)

[’is the gmmn—tvuuuon'rm hance

GO = "m) Hes

*Uahug the boundan condiiion (2 V. We ebtiin desscemevewisies ror the

4etermination of the funcuon ("1’ Lhe ipte . i wywallon

%u)dot (
‘b(ﬁ:)""r(*) Sf. T —on .
{, __,__(__)E_ =2 maﬁ y
3olution of this mcg(ul equation gives the axprcasion

= fi"[q E‘"'” SF Jﬂ (25"

The total amount of -r vapor taken from the dpherinal drop by the [fhow
unit time/m s
E__—j JM___AC .".AL Sn®d®

Turther use of fermula (25) /Lo anenvmicnt?/d therefers we transform it,
waking use of the fact that p xl is large even fo small drops.

Hockomaadkioo sampckhak
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